A pentachlorophenol (PCP)-induced periplasmic protein (PcpA) with a molecular weight of 30,000 has been identified and purified from Flavobacterium sp. strain ATCC 39723. Results suggest that PcpA may be involved in PCP mineralization. The induction of PcpA correlated with the induction of PCP-degrading activity. When PcpA was released from the periplasmic space by EDTA or osmotic shock treatment, PCP-degrading activity was arrested. Two PCPmutants of ATCC 39723, which do not degrade PCP, did not produce PcpA following induction with PCP. The N terminus of PcpA was sequenced, and two degenerate primers were synthesized for use in DNA amplification of a 68-bp probe which hybridized to a genomic library clone containing pcpA. The nucleotide sequence of pcpA was determined and found to encode an open reading frame of 816 bp. pcpA was found to be part of a 1.35-kb transcript with a transcriptional start site 67 bp upstream of the translational start site. Data base search comparisons yielded no sequences of high similarity to pcpA or its protein product.
Synthetic pesticides derived from polychlorinated aromatic compounds, such as pentachlorophenol (PCP), constitute a severe environmental problem because of their high toxicity and persistence in the environment postapplication. The recalcitrance of PCP to biodegradation by microbial populations in soil reflects the difficulty and special constraints involving dehalogenation of phenolic compounds (9) . However, the reclamation of PCP-contaminated soil and water with PCP-degrading microorganisms is one avenue for addressing this problem, and several PCP-degrading microorganisms have been isolated from natural environments (2, 8, 29, 35, 39, 41) . However, the mechanisms of PCP degradation are not completely understood. Recently, Schenk et al. (33) demonstrated the first step of PCP degradation by an Arthrobacter sp. may be oxidative dehalogenation to tetrachlorohydroquinone. Tetrachlorohydroquinone could be completely dechlorinated to 1,2,4-trihydroxybenzene by cell extracts of a PCP-degrading Rhodococcus chlorophenolicus (12) . The mechanisms may involve both hydrolytic cleavage and reductive elimination. Pure enzyme studies of PCPdegrading microorganisms have not yet been reported. Furthermore, genetic analysis of the genes involved in PCP degradation have not been studied because of the lack of a gene transfer system for these PCP-degrading microorganisms.
Dehalogenases are key enzymes in PCP degradation. General interest in studying dehalogenating enzymes and applying them in the bioremediation of PCP is increasing, but progress in studying such enzymes has been slow. We are studying the inducible enzyme system from the gramnegative Flavobacterium sp. strain ATCC 39723, which degrades PCP; here we describe the identification and purification of a PCP-induced periplasmic protein, PcpA, and the cloning and sequencing of the corresponding gene, pcpA, from the microorganism. This is the first report on the identification and purification of a PCP-inducible gene product and the corresponding gene. * (A preliminary account of this work has appeared in abstract form [43] .)
MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. Escherichia coli HB101 and JM105 (42) were used as recombinant hosts. Flavobacterium strains ATCC 39723 (PCP+), F23 (PCP-), and F3 (PCP-) were provided by R. Crawford (University of Idaho). Flavobacterium strains were cultured in mineral medium with sodium glutamate as the growth substrate, and PCP degradation was induced by adding PCP to a final concentration of 40 jxg/ml to cultures at early log phase (A600 < 1.0) (29) . The induction time required for PCP degradation was usually 1 to 2 h. E. coli strains were routinely grown at 37°C in Luria broth or on Luria agar (31 Resting cell assay for PCP degradation. PCP-induced cells were harvested by centrifugation at 1,000 x g for 10 min. The concentration of PCP in the supernatant was measured spectrophotometrically at 320 nm (29) . The cells were washed once in 20 mM Tris-HCl (pH 8.0) and centrifuged again. The cell pellet was stored at -20°C. PCP-degrading activity was stable for several weeks under this condition. When needed, the cells were thawed quickly in a 37°C water PURIFICATION OF FLAVOBACTERIUM PcpA 2921 bath and placed on ice. The cells were resuspended in 50 mM Tris-H2SO4 (pH 8.0) to a final concentration of A600 = 1.00.
As observed previously, the induced PCP-degrading enzyme system also degraded triiodophenol (TIP) (44) . We routinely monitored iodide release from TIP as a measure of polyhalogenated phenol degradation by Flavobacterium sp. strain ATCC 39723 by the sensitive Leuco crystal violet assay as modified previously (6, 44) . All assays were performed in 50 mM Tris-H2SO4 (pH 8.0) with 100 ,uM TIP. EDTA, CaC12, or MgCl2 was added as indicated in the text. The I-releasing experiments were incubated at room temperature for 6 min before monitoring for iodide release. Preparation of cytoplasmic, inner membrane, and outer membrane fractions. Inner and outer membranes were separated according to the procedure of Osborn et al. (25) . Cells from 1 liter of culture were collected by centrifugation at 10,000 x g for 10 min and resuspended in 10 ml of 20 mM Tris buffer (pH 8.0). The cells were disrupted in an Aminco French pressure cell (model 4-3398) at 7,000 lb/in2, collected in a test tube on ice, and centrifuged at 16,000 x g for 20 min. The cytoplasmic fraction, which also contained some disrupted membranes, constituted the supernatant. To separate inner and outer membrane fractions, 5 ml of disrupted cells was loaded onto a discontinuous sucrose gradient (5 ml each of 60 and 30% sucrose) and centrifuged at 58,000 x g for 20 h. The yellow band at the top of the 30% sucrose was the inner membrane fraction, and the band at the 60-30% sucrose interface was the outer membrane fraction. The two bands were collected separately with a Pasteur pipette and diluted with an equal volume of 20 mM Tris buffer (pH 8.0). The membrane fractions were pelleted by centrifugation at 180,000 x g for 1 h in a fixed-angle rotor. The supernatant was decanted, and the pellets were resuspended separately in 20 mM Tris buffer (pH 8.0).
Preparation of right-side-out membrane vesicles. Rightside-out membrane vesicles were prepared essentially as described by Kaback (17) and as modified by Prossnitz et al. (27) . Cells were digested with lysozyme in a 30% sucrose solution to form spheroplasts. Spheroplasts were harvested by centrifugation and osmotically shocked by rapid dilution in 50 mM KPi (pH 7.3) to form membrane vesicles. Freshly prepared membrane vesicles were used immediately.
Periplasmic protein extraction. One liter of PCP-induced Flavobacterium cells was harvested by centrifugation at 7,000 x g for 10 min. The cells were resuspended in 100 ml of 10 mM EDTA-25 mM Tris (pH 8.0). The cell suspension was kept on ice for 1 h and then centrifuged at 7,000 x g for 10 min. The supernatant containing the periplasmic proteins was saved.
Protein purification. There were four sequential steps in the purification of the PCP-induced periplasmic protein: streptomycin treatment, ammonium sulfate precipitation, phenyl-agarose chromatography, and DEAE-Sepharose chromatography.
(i) Streptomycin treatment. Solid streptomycin sulfate was added to the supernatant to a final concentration of 0.5%. As soon as the streptomycin dissolved, the suspension was centrifuged at 10,000 x g for 10 min and the pellet was discarded.
(ii) Ammonium sulfate precipitation. Solid ammonium sulfate was added to the protein solution to 65% saturation. When the ammonium sulfate was completely dissolved, the suspension was left at room temperature for 30 min. The protein precipitate was collected by centrifugation at 10,000
x g for 10 min.
(iii) Phenyl-agarose chromatography. A column (30 by 1.5 cm) containing 40 ml (bed volume) of phenyl-agarose (Sigma) packed with 20 mM Tris and 2.5 mM EDTA (pH 8.0) in a 6.2°C cold room was equilibrated with the same buffer containing 20% ammonium sulfate at a flow rate of 30 ml/h via a peristaltic pump (Pharmacia Co., Piscataway, N.J.). The ammonium sulfate precipitate from a 4-liter culture was resuspended in 20 ml of 20 mM Tris-2.5 mM EDTA (pH 8.0) and adjusted to 20% ammonium sulfate by adding solid ammonium sulfate. The solution was centrifuged, the supernatant was loaded onto the phenyl-agarose column, and the protein was eluted with a gradient of 20 to 0% ammonium sulfate in 500 ml of the same buffer. The protein eluted between 7 and 1% ammonium sulfate. Fractions (8 ml) were collected with a microfractionator (Bio-Rad, Richmond, Calif.), and those containing the protein as detected by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) were pooled and concentrated to a volume of 10 ml by dialysis against polyethylene glycol (Sigma) for 4 h, using Spectrapor membrane tubing (Spectrum Medical Industries, Inc., Los Angeles, Calif.) with a molecular weight cutoff of 12,000 to 14,000. The sample was further dialyzed against 20 mM Tris (pH 8.0) overnight.
(iv) DEAE-Sepharose chromatography. A column (30 by 1 cm) containing 40 ml of DEAE-Sepharose packed with 20 mM Tris (pH 8.0) in a 6.2°C cold room was equilibrated with 80 ml of the Tris buffer at a flow rate of 30 ml/h via a peristaltic pump. The 20 mM Tris buffer-dialyzed sample was loaded onto the column and washed with 40 ml of the Tris buffer. The protein was eluted by a linear gradient of 0.1 to 0.4 M NaCl in 500 ml of 20 mM Tris buffer (pH 8.0). The protein eluted between 0.24 to 0.29 M NaCl. The fractions containing the protein were collected and concentrated to 1 ml by dialysis against polyethylene glycol. The sample was stored at -20°C.
Nucleic acid extraction, cloning, and transcript mapping. Plasmid DNA was isolated by the procedure of Birnboim and Doly (5) . Preparative isolation of genomic or plasmid DNAs was via cesium chloride-ethidium bromide density gradients. Genomic library construction was as previously described (24) except that pLAFR3 BamHI arms were prepared according to Staskawicz et al. (36) . Colonies containing the gene encoding the periplasmic protein PcpA were screened by colony hybridization, using a 68-bp oligonucleotide probe generated by polymerase chain reaction (PCR) (30) . PCR was performed in a Coy temperature cycler (Coy Laboratory Products, Inc., Ann Arbor, Mich.) with a temperature profile of 94-55-72°C cycling for 30 s, 1 min, and 1 min, respectively, for 35 cycles. Southern hybridizations were done as described by Southern (34) .
RNA isolation and transcript mapping were done as described by Summers (38) and Jones et al. (16) . LX-3B, a 30-mer complementary to pcpA nucleotides 71 to 100, was end labeled with [-y-32P]ATP and T4 polynucleotide kinase. Following annealing to total RNA, primer extension was carried out by avian myeloblastosis virus reverse transcriptase. The products were resolved on a 6% polyacrylamide gel containing 7 M urea and visualized by autoradiography. Northern (RNA) analysis was done essentially as described by Ausubel et al. (3) .
Determination of DNA sequence. DNA sequencing was performed by the dideoxy-chain termination method of Sanger et al. (32) , using [ax-35S]dATP and the M13 universal or reverse primer (22) . Single-stranded DNA templates were recovered from pBluescript phagemid subclones by using helper phage as recommended by the vendor (Stratagene, La Jolla, Calif.). Nested deletions were generated from both ends of the 2.4-kb EcoRI-AccI fragment by the procedure of Henikoff (14) , using mung bean nuclease and exonuclease III.
Sequence analysis. The management of compiled sequence data and DNA sequence analysis were done by using the IBI Pustell sequence analysis software (International Biotechnology Inc., New Haven, Conn.). Comparisons of nucleotide sequences and translated sequences were performed by using PC Gene software, version 6.01 (Intelligenetics, Mountain View, Calif.).
Analytical methods. Proteins were assayed by PAGE (18) and quantified by using the Bradford protein assay (7) . The N-terminal amino acid sequence of the purified protein was determined on an Applied Biosystems automated protein sequenator (Applied Biosystems, Foster City, Calif.). Oligonucleotides were synthesized on an Applied Biosystems DNA synthesizer.
Nucleotide sequence accession number. The nucleotide sequence of the Flavobacterium sp. strain ATCC 39723 pcpA gene has been assigned GenBank accession number M55159.
RESULTS
EDTA irreversibly arrested PCP degradation activity. PCPdegrading activity in the cell-free fraction was tested. PCP degradation ceased when the cells were broken by sonication or French press, and no PCP-degrading activity was detected in the cytoplasmic fraction or in either inner or outer membrane fractions. We hypothesized that the enzyme was membrane bound and that a functional membrane vesicle may be required for PCP degradation. However, PCP-degrading activity was not detected in the membrane vesicles isolated from ATCC 39723. We found that the cell lost its PCP-degrading activity at the initial step of membrane vesicle isolation. The initial step of the method required suspension of the cells in a solution of 25 mM Tris-HCI, 10 mM EDTA, and 20o (wt/vol) sucrose. We noticed that TIP-and PCP-degrading activity was lost after the cells were resuspended in this solution. Subsequently, we identified EDTA as the agent that arrested PCP degradation. Removal of EDTA by centrifugation and resuspension of the cells in Tris buffer with calcium, magnesium, or ferrous iron did not restore enzyme activity. We hypothesized that EDTA released PCP-degrading proteins from the bacterial cell wall. An additional protein band was detected in the PCP-induced cells when proteins released by EDTA were separated by SDS-PAGE ( Fig. 1B ).
An EDTA concentration as low as 25 ,uM almost completely stopped PCP degradation as monitored by TIP degradation (Fig. 2) . The same concentration of EDTA also released a substantial amount of protein into the buffer (Fig.   2 ). If 100 ,uM MgCl2 or CaCl2 was added to the buffer together with 100 ,uM EDTA before addition of cells, there were no proteins released from the cell wall and the cells maintained their ability to degrade PCP. If a higher molar ratio of Mg2+ or Ca2+ to EDTA was added to the buffer, the PCP-degrading activity increased. The effects of Mg2+ and Ca2+ on PCP-degrading activity were further investigated. Ca2+ or Mg2+ at 5 to 10 ,uM in the absence of EDTA increased the rate of PCP degradation as measured by iodide release from TIP. PCP induction of novel proteins. A PCP-induced periplasmic protein was required for PCP degradation. A time course experiment confirmed that there was a PCP-induced protein released by EDTA (Fig. 1B) . The 30-kDa protein reached a maximum intensity as visualized by SDS-PAGE after about 1 h and nearly disappeared after 6 h. PCP degradation started at 40 min after the addition of PCP, and the rate reached its maximum at 1 h (Fig. 1A) . After 6 h the protein was no longer visible by SDS-PAGE, and the PCP-degrading activity could no longer be measured in the culture. We subsequently released the same PCP-induced protein from the periplasm by the osmotic shock method (23) . This protein has been designated PcpA. Two PCP-mutants, F2 and F23 (37), which do not degrade PCP, did not produce the periplasmic protein PcpA following treatment with PCP (data not shown). Otherwise, the mutants were identical to the wild type Flavobacterium sp. in their growth and periplasmic protein patterns as visualized by SDS-PAGE. Southern hybridization using the cloned pcpA gene as a hybridization probe demonstrated that F3 and F23 both contained the gene (data not shown).
Purification and N-terminal sequence of periplasmic protein PcpA. The periplasmic protein PcpA has been purified by streptomycin sulfate precipitation, ammonium sulfate fractionation, phenyl-agarose hydrophobic chromatography, and DEAE-Sepharose ion-exchange chromatography (Fig.   3 ). The purified protein was a monomer with a molecular weight of about 30,000. PcpA has no PCP-binding activity. The N-terminal sequence (residues 1 to 23) was determined to be Met-Glu-Thr-Asn-His-Ile-Thr-Ser-Leu-His-His-Ile-Thr-Ile-Cys-Thr-Gly-Thr-Ala-Gln-Gly-Asp-Ile.
Cloning of the gene encoding PcpA. Two degenerate oligonucleotide primers, LX-1B and LX-2B, were made corresponding to amino acid residues 1 to 7 [5'-AUGGA(A/ G)AC(T/C/A/G)AA(T/C)CA(T/C)AT(T/C/A)AC-3'] and 23 to 19 [5'-(A/GIT)AT(AIG)TC(T/G/A/C)CC(T/C)TG(AIGIT/ C)GC-3'], respectively. The primers were made in opposing orientations so as to amplify the internal region in a PCR. In this manner, a 68-bp fragment was amplified and labeled by random priming and used as a probe in genomic DNA and colony hybridizations. Southern hybridization revealed that one 21-kb BamHI fragment of ATCC 39723 genomic DNA hybridized with the probe. We subsequently constructed a genomic library of ATCC 39723 with BamHI fragments, and several positive colonies were detected by hybridization with the 68-bp probe. One positive colony was selected, and the cosmid containing pcpA was designated pLX001. The cloned DNA was analyzed by different restriction enzymes in a Southern hybridization with the amplified DNA probe. A 5.5-kb EcoRI fragment, which hybridized to the 68-bp probe, was subcloned into pBluescript KS' (pLX101+) and then cloned into pBS-KS-in the same orientation (pLX101-). An internal AccI fragment within the 5.5-kb EcoRI fragment was deleted by AccI digestion followed by religation. Subsequently, a 2.4-kb EcoRI-AccI fragment con- tamning pcpA was cloned into pBS-KS' (pLX201') and pBS-KS-(pLX201I).
Nucleotide sequence and transcript mapping of pcpA. The 2.4-kb EcoRI-AccI fragment has been sequenced in both orientations. The sequence of pcpA is 816 nucleotides in length from the GTG initiation codon to the TGA termination codon (Fig. 4) . The nucleotide sequence matched the N-terminal amino acid sequence perfectly. The predicted translation product of pcpA was 271 amino acids in length with a predicted molecular weight of 30,000, which is in g9od agreement with our proteini purification data for PcpA. The computer-predicted translation product was hydrophilic with an isoelectric point of 5.75. A data base search of the pcpA sequence has revealed no extensive sequence similarity with any characterized genes, although pcpA shared 53% homology with several mammalian cytochromne P450-type monooxygenases (15) and the Pseudomonas putida catechol dioxygenase gene (11) . Protein data base searches did not produce any significant results with these or other translated genes. Analysis of the pcpA translated amino terminal se- quence did not reveal an obvious peptide signal sequence in the form of a central hydrophobic core flanked by a positively charged amino-terminal region and a polar region (26, 40) .
Primer extension of a radiolabeled 30-mer (LX-3B) oligonucleotide fragment, complementary to pcpA nucleotides 71 to 100 and hybridized to RNA isolated from exponentially growing ATCC 39723 cells induced with PCP 1 h prior to harvesting, gave a predominant product of 167 bp from which the 5' end ofpcpA could be assigned to a G residue at position -67 ( Fig. 5 ). Northern analysis using the 68-bp PCR-amplified probe revealed a single transcript of 1,350 nucleotides in length only after PCP induction (Fig. 6 ). From the primer extension experiment and sequence analysis, we can conclude that there is a potential open reading frame of 407 bp downstream of pcpA but within the transcript, which if translated would yield a 135-residue protein with a molecular weight of 15,000 (data not shown). However, we have been unable to detect a PCP-induced protein of this size.
DISCUSSION
Dehalogenating activity in Flavobacterium sp. strain ATCC 39723 is concluded to be associated with the cell envelope. Once the cell was disrupted either by French press or by lysozyme digestion followed by sonication, the crude cell extract showed no PCP-degrading activity. Addition of the cofactors NADH, NADPH, and ATP to the cell extract, had no effect on PCP-degrading activity. Furthermore, the cell lost PCP-degrading activity when the periplasmic proteins were released either by EDTA treatment or by osmotic shock treatment. When we separated the soluble cytoplasmic and periplasmic fractions from the insoluble membrane fractions, neither the soluble nor insoluble fraction had the onset of PCP-degrading activity. After PCP degradation was complete by the cell, the PCP-degrading activity gradually disappeared as assayed by TIP degradation, as did PcpA. Third, PCP-degrading activity of the cell was arrested when PcpA was released from the periplasmic space by EDTA. PcpA could either be involved in transport or as one component of the PCP-degrading enzyme complex, because when it is released from the periplasmic space the enzyme system is no longer functional. Disruption of other cell wall, multienzyme complexes by EDTA treatment has been demonstrated; for example, with release of HisJ from the periplasmic space, the histidine permease system in E. coli and Salmonella typhimurium is arrested (1) . The presence of PCP-induced inner membrane proteins suggests that PcpA works together with one or more inner membrane proteins to function. Finally, two PCPmutants, F3 and F23, did not produce PcpA when induced by PCP. Multicomponent enzyme systems are common for dehalogenases of aromatic compounds, such as 4-chlorophenylacetate dioxygenase (20) and 2-chlorobenzoate dioxygenase (10) . So far, a dehalogenase for polyhalogenated aromatic compounds has not been purified.
The release of periplasmic proteins by EDTA has been previously reported in E. coli (19, 21) , while studies on other gram-negative microorganisms have not been reported. In this study, we show that EDTA at very low concentrations released periplasmic proteins from a Flavobacterium sp.
When an equal concentration of Ca2+ or Mg2+ was added together with EDTA, no periplasmic protein was released. Therefore, free ligand of EDTA is required for releasing periplasmic proteins from Flavobacterium sp. strain ATCC
39723.
The open reading frame of pcpA was preceded by an E. coli-type ribosome binding site (GGAG) and a vague-10 promoter sequence (.TATT.) but not by a typical -35 procaryotic promoter sequence in relation to the -67 (G) transcriptional start as deduced from primer extension ( Fig.   5 ). Inducible promoters generally contain some homology to the -10 region, at least two of the three critical bases (TA.. .T), but little homology to the -35 region (28). However, ignoring the -67 position as a translational start, a similarity to the a5'4 consensus sequence (13) can be deduced starting at -72 through -52, with TGGT separated by 9 bases from TTGC.
Thus far, our data on PcpA suggest the apparent absence of an NH2-terminal signal sequence. There is no precedent for a periplasmic protein becoming localized without the assistance of a signal sequence for export (4) . However, the colinearity of the N-terminal sequence of PcpA with that of the nucleotide sequence of pcpA, combined with the transcript start site mapped by primer extension at 67 nucleotides upstream of the GTG start codon and the lack of a preceding hydrophobic region, implies the apparent lack of a processed signal sequence.
It is not surprising that pcpA shares no strong homology with any previously characterized genes, because genes encoding dehalogenases of polyhalogenated aromatic compounds have not been reported. If PcpA is one component of a dehalogenase system, pcpA and other genes of the system could be clustered on the chromosome. However, if the enzymatic machinery has been co-opted from preexisting metabolic functions or from cryptic genes, it is doubtful that pcp genes would be in an operon. From Northern analysis we have demonstrated that the pcpA transcript was detected only after PCP induction and that pcpA is not part of a polycistronic message but possibly one component of a dicistronic message. Undoubtedly, other de novo gene products would be required for PCP dehalogenation. Our laboratory is currently purifying a 63-kDa PCP-induced protein from Flavobacterium sp. strain ATCC 39723 which may or may not form a functional association with PcpA during the dechlorination of PCP.
